R. E. J. Mitchel ᮀ AECL, Chalk River Laboratories, Chalk River, Ontario, Canada ᮀ There are a number of studies that show radiation can cause heritable mutations in the offspring of irradiated organisms. These "germ-line mutations" have been shown to occur in unique sequences of DNA called "minisatellite loci". The high frequencies of spontaneous and induced mutations at minisatellite loci allow mutation induction to be measured at low doses of exposure in a small population, making minisatellite mutation a powerful tool to investigate radiation-induced heritable mutations. However, the biological significance of these mutations is uncertain, and their relationship to health risk or population fitness is unknown. We have adopted this mutation assay to study the role of adaptive response in protecting mice against radiation-induced heritable defects. We have shown that male mice, adapted to radiation with a low dose priming exposure, do not pass on mutations to their offspring caused by a subsequent large radiation exposure to the adapted males. This presentation and paper provide a general overview of radiationinduced mutations in offspring and explain the effect of low dose exposures and the adaptive response on these mutations.
I. INTRODUCTION
There are a number of negative health concerns associated with exposure to ionizing radiation. In humans, the most important issues related to high dose exposures include: 1) immediate death (hours to months) due to acute radiation syndromes of the central nervous system, gastrointestinal system or hematopoietic system; 2) later somatic effects such as cancer induction due to transformation of normal cells; or 3) reproductive effects such as fetal malformation or mutations in germ-line cells (reproductive tissue) that could be inherited in the next generation of offspring. This paper focuses on the latter topic and relates to two major issues associated with radiation effects on reproduction (heritable mutations and fetal malformation) and how radiation risks associated with these endpoints may be modified by the adaptive response. However, mutations in ESTR DNA have not been related to functional changes that have biological or evolutionary significance. These changes may simply provide a reflection of radiation-induced changes that are capable of being transmitted to the offspring that may or may not correlate to some biological risk.
Heritable Mutations
A number of studies have demonstrated adaptive response at the whole-animal level in vertebrates. Some of the documented positive effects of pre-irradiation have included: reduced short-term mortality rates in mice, [1] [2] [3] [4] reduced frequency of chromosome abnormalities in mice 5,6 and humans [7] [8] [9] , and reduced risk of cancer development in mice. [10] [11] [12] These studies provide clear evidence for reduction and/or delay of genetic instability and ultimately disease through adaptive response; however, the majority of both in vivo and in vitro studies have focused on somatic markers of DNA damage or cancer. An area of research that has received much less attention is the modification of risk associated with radiation-induced heritable mutations through adaptive response in mammalian germ cells.
Mouse expanded simple tandem repeat (ESTR) DNA loci are efficient genetic markers for studying heritable mutation processes. [13] [14] [15] ESTRs consist of long tandem arrays of 4 to 6-base pair repeat units that are unstable in the germ line and mutate primarily by insertion or deletion of a number of repeat units. Mutations of this kind can be detected in the progeny of experimental animals by pedigree DNA profiling using single and multilocus DNA fingerprinting. [16] [17] [18] Previous studies on ionizing radiation have shown that ESTR mutations can be induced in the germ line of male mice in a dose dependent manner during pre-meiotic stages of spermatogenesis, and that the doubling dose for ESTR mutation induction is similar to that obtained using the specific locus test. 13 In this D. R. Boreham and others report we show that an adaptive response to ionizing radiation reduces the induction of germ line mutations at ESTR loci in the paternal germ line of mice.
Fetal Malformation
The p53 tumor suppressor protein is known to regulate growth arrest and apoptosis in response to DNA damage, and has been shown to respond to ionizing radiation in fetal murine tissues in a manner that is both tissue and gestational time dependent. 19 Exposure of the murine fetus to large doses of radiation during the in utero period of organogenesis results in malformations. The extent of the malformations is dose dependent but exhibits an apparent threshold at about 30-50 cGy. 20 That threshold has recently been shown to be dose rate sensitive, increasing with decreasing dose rate. 21 Wang et al. have linked these malformations to radiation-induced apoptosis. 22 They have reported that mice exposed to 5 Gy of X rays in utero on day 11 of gestation showed an increase in the number of apoptotic cells in the predigital regions in the forelimb buds, detected 4 h after irradiation. That apoptotic response correlated with teratogenic anomalies in the limbs of the fetuses subsequently observed on gestational day 19. Susceptibility to radiation-induced apoptosis in the predigital regions and the resulting digital defects depended on Trp53 status, with Trp53 (+/+) mice the most sensitive, Trp53 (+/-) intermediate, and Trp53 (-/-) the most resistant. 22 The reduction in teratogenesis observed with decreased dose rate has also been shown to depend on functional Trp53 in mice. 21 The work described here examined the adaptive effect of low dose exposure on radiation induced appendage teratogenesis in murine fetuses. The experiments tested the influence of fetal Trp53 status (normal, heterozygous or null) and the influence of gestational time on the ability of a low dose to modify the teratogenic effect of a subsequent large dose. The exposures were given during the period of fetal organogenesis and the teratogenic effect discussed here is tail shortening. The full scientific paper describing the teratogenic effects of high doses and the adaptive response on tail shortening and digit malformation during various gestational stages has been recently published. 23
II. METHODS

Heritable Mutations
The mice used in the mutation studies were an outbred Swiss-Webster strain from a specific pathogen-free colony (Taconic Breeding Laboratories, Germantown, NY, USA). There were four treatment groups of 10 males (7 to 9 weeks old, 33 to 40 g) (i) 0 Gy (sham-irradiated control), (ii) 0.5 Gy, (iii) 1.0 Gy, and (iv) 0.1 + 1.0 Gy given acute doses of The adaptive response and protection against heritable mutations and fetal malformation whole-body ionizing radiation from a broad-beam cesium-137 source. Animals in the control group were sham irradiated by being placed in the Cs-137 unit, but the source was not exposed. Mice in the 0.5 and 1.0 Gy groups received one acute dose, whereas those in the 0.1 + 1.0 Gy group received an adapting dose of 0.1 Gy, followed by a larger challenge dose of 1.0 Gy 24 hours later. All radiation doses were delivered at 0.33 Gy per minute. Dosimetry was performed using a pre-calibrated Farmer dosimeter with a 0.6 cm 3 chamber. The chamber was calibrated at the National Research Council of Canada Laboratory.
Irradiated males were bred to untreated females, 9 weeks post-irradiation. This delay in breeding was selected to ensure that fertilizations resulted from mature sperm that developed from irradiated 2n-spermatogonial stem cells. 13 Males were euthanized 14 days post-pairing, and cardiac tissue collected for DNA extraction. Females and all pups were euthanized at 96 hours following delivery, and cardiac tissue from females and tail / hind-end tissues from pups were collected for DNA extraction. The McMaster University Animal Research Ethics Board following the guidelines of the Canadian Council on Animal Care approved all animal procedures.
The approach used to detect germ line mutations at ESTR loci has been described elsewhere. 24 Mutations were observed as bands in offspring that deviated by 1.0 mm or more relative to their parental progenitors based on comparison to the in-lane size standard. 25 Mutation scoring was performed without knowledge of treatment group, and verified by an independent observer.
Fetal Malformation
Male mice carrying a single defective copy of the Trp53 gene (C57Bl/6J-Trp53 tm1Tyj ) were obtained from the Jackson Laboratory (Bar Harbor, Maine) and were crossed with 129X1/SvJ female mice (Trp53 +/+) also obtained from the Jackson Laboratory. The resulting F1 progeny were genotyped and the male and female Trp53 heterozygotes crossed to produce pregnant females bearing all three Trp53 genotypes, normal (Trp53 +/+), heterozygous (Trp53 +/-) and null (Trp53 -/-). A timed breeding protocol was used to control the extent of gestation at the time of radiation treatment. 23 Female mice, pregnant at either day 10 or day 11 of gestation, were exposed to 30 cGy of 60 Co gamma radiation (GammaCell 200, Atomic Energy of Canada Limited) at a dose rate of about 0.85 cGy/s while housed in a container designed to maintain the animal facility specific pathogen free conditions. At the end of irradiation, the animals were returned to normal housing. Control, unirradiated animals were transported to but not placed in the irradiator. Twentyfour hours after this low dose exposure, these animals and the unexposed controls were further exposed to 4 Gy of 60 Co gamma radiation again D. R. Boreham and others while housed in a container designed to maintain the specific pathogenfree animal facility conditions. 26 Some other control animals received neither irradiation. These unirradiated animals were transported to but not placed in the irradiator. At the end of irradiation the animals were returned to normal housing until gestation was terminated on day 18 by euthanization of the pregnant females and subsequent surgical removal of the fetuses. Fetal mice were genotyped, after being removed from the female by caesarean section on day 18 of gestation, by a tail clip protocol previously described. 23 Fetal tail length was used as an indicator of malformation and was measured to the nearest 0.5 mm.
III. RESULTS
Heritable Mutations
Single and multilocus ESTR probes detected an overall elevation in germ line mutation frequency of more than two-fold in 0.5 and 1.0 Gy irradiated groups compared to the control (Figure 1a, 1b) . The relative elevation above the control was similar in both of these groups despite the increase in radiation dose. In contrast, a smaller, non-significant elevation in mutation frequency above the control was detected with single locus ESTR probes in the 0.1 + 1.0 Gy group, and no apparent elevation with multilocus probe MMS10 (Figure 1a, 1b) . As reported previously, 27,28 a 4 Gy radiation exposure on day 11 of gestation had a greater teratogenic effect on the fetal mice than the same exposure on day 12. This greater effect was seen as a significantly greater tail shortening ( Figure 2 ) in all three Trp53 genotypes. We reported previously that at both gestational times the greatest teratogenic effect was seen in the Trp53 normal animals and the least effect in the Trp53 null fetuses, with the Trp53 heterozygotes being intermediate. 27 Exposure of the fetuses to 30 cGy, 24 h prior to a 4 Gy exposure on day 11 of gestation significantly changed the teratogenic effect of the 4 Gy exposure. The prior 30 cGy exposure produced a protective effect in the Trp53 normal fetuses, resulting in a significant shift in tail length distribution toward longer tails (p < 10 -4 , Figure 2 ) compared to the Trp53 normal fetuses that received only the 4 Gy exposure. In the Trp53 heterozygous fetuses, there was a small but significant protective effect of the prior exposure mean tail length and the distribution of tail lengths (p < 0.04, Figure 2 ). The 30 cGy prior exposure did not protect the Trp53 null fetuses, but resulted in increased teratogenic effects, with mean tail length significantly reduced and tail length distribution significantly shifted toward shorter tails (p < 0.05, Figure 2 ).
IV. DISCUSSION
Heritable Mutations
We irradiated male mice during spermatogonial stem cell stages of spermatogenesis, and found that germ line ESTR mutation rates did not 2 . The influence of a low dose given on gestational day 10, on the tail length of fetal mice exposed to 4 Gy on gestational day 11. The figure shows the influence of Trp53 genotype on the cumulative frequency of fetuses with the indicated tail length as measured on day 18 of gestation. Open symbols represent unirradiated control fetuses; closed symbols represent fetuses exposed to 4 Gy on day 11 of gestation; shaded symbols represent fetuses exposed to 30 cGy, 24 h prior to 4 Gy irradiation on day 11 of gestation. Circles, Trp53 +/+; triangles, Trp53 +/-; squares, Trp53 -/-. increase in a dose-dependent manner. Males in the adapted group (0.1 + 1.0 Gy) received the highest total radiation dose, but their offspring inherited ESTR mutations at lower frequencies than those in the 0.5 or 1.0 Gy groups. This pattern, where a small prior radiation dose attenuates the effects of a subsequent larger dose, is indicative of adaptive response.
Our findings provide evidence that the modifying effects of adaptive response in the mammalian germ line extend beyond gross chromosomal abnormalities in germ cells 29, 30 or dominant lethal mutations 31 and reduce the risk of transmissible genetic mutations to viable offspring.
At this point it is not clear whether our findings apply to risk assessment for heritable mutations in humans exposed to ionizing radiation, but there are some interesting possibilities. Further study of the effects of dose fractionation, dose rate and adaptive response on germ line mutation rates at repetitive DNA loci is required to test this hypothesis, and to provide more information about potential mechanisms.
Repetitive DNA markers have been used effectively to detect radiation-induced heritable mutations in the laboratory using mice 13, 32 , and in natural populations of humans, birds, and plants living near radioactive contamination sites. [33] [34] [35] [36] [37] The potential value of this class of genetic marker for health risk assessment in radiobiology has recently been recognized (e.g., Ref. 38) , however, little is known about the utility of this approach for the study of biological processes that modify risk, such as adaptive response, hormesis, or bystander effect. [For an exception, see multigenerational mouse studies, which show a bystander effect that transcends generations. 39, 40 ] Our results suggest that adaptive response reduces the frequency of mutation events at ESTR loci in the mammalian germ line, and that ESTR markers may be a suitable genetic system for further investigation of biological radiation risk modifiers.
Fetal Malformation
Wang et al. have reported that a window exists for the ability of a low dose to produce an adaptive response and protect the fetus against the teratogenic effects of a subsequent exposure. 41 They presented evidence that a 30 cGy priming dose on gestational day 11 reduced malformations (mainly limb defects and short tails) resulting from a second exposure of 5 Gy given one day later. We have further examined the window of effect for this adaptive response and compared the response in fetuses of varying Trp53 status. Our results show qualitatively similar windows in time of effect of the low priming dose, but we show that these effects vary with the Trp53 status of the fetus. As reported by Wang et al., 41 our data show that a low dose can protect normal (Trp53 +/+) fetuses from tail shortening resulting from a large (4 Gy) exposure given 24 h later. In our strain of mice, that protection occurred when the priming dose was given on gestational day 10. Qualitatively, the same protective effect of a day 10 low dose exposure on
The adaptive response and protection against heritable mutations and fetal malformation tail shortening was seen in the Trp53 heterozygous (+/-) fetuses, although the magnitude of the protective effect was much reduced. These results suggest that, in the presence of functional Trp53 dependent apoptosis, low doses show a window for protection against the teratogenic effects of a high dose, but, as the level of functional Trp53 decreases, the ability of a low dose to protect also diminishes or vanishes. In the absence of functional Trp53, the effect of a prior low dose was very different. Given on gestational day 10, 24 h before a 4 Gy dose on day 11, the prior low dose resulted in a clear increase in tail teratogenesis in Trp53 null fetuses.
These results indicate that adaptive protection on day 10 of gestation against radiation induced teratogenesis on day 11 of gestation in tails resulted from a Trp53 dependent process. We conclude that prior exposure to low doses can protect against teratogenesis resulting from the Trp53 dependent process, although the protection shows a gestational time window for the effect.
